ABSTRACT To understand the effects of plant growth stage on the performance of grape phylloxera, Daktulosphaira vitifoliae (Fitch), demographic analyses were done using attached roots in a Vitis vinifera L. ÔChardonnayÕ vineyard during the vegetative, mid-ripening, and postharvest periods of grapevines. Survival of Þrst instars was Ͻ30%. First instars coincide with the time of gall formation, and their survival was higher during postharvest than during the vegetative and mid-ripening periods. Survival after the second instar did not decrease with development but was stable, generally above 90% for the postharvest period and below 75% for the other experimental periods. Sucrose levels in root phloem parenchyma tissues were highest during postharvest compared with vegetative and mid-ripening periods and reßect a more rapid development during this period but only by a few days. The limiting step of grape phylloxera population growth appears to occur simultaneously with gall formation and is associated with survival. Survival and developmental rate of a virulent grape phylloxera strain were limiting with greenhouse vines of the resistant rootstocks 5C and SO4. Survival and developmental rates were more limiting for attached than detached roots.
GRAPE PHYLLOXERA, Daktulosphaira vitifoliae (Fitch), is a destructive insect pest of cultivated grapes, Vitis vinifera L., worldwide. Rootstocks based on American Vitis species support only very low populations of root-feeding grape phylloxera and vines do not exhibit damage symptoms of that activity. It is thought that the mechanism of the resistance involves difÞculty the insect has establishing feeding sites. However, roots of V. vinifera vines support large grape phylloxera populations leading to grapevine decline and death.
Experiments with excised root pieces in petri dish arenas have tested susceptibility of rootstocks to population growth of grape phylloxera (Granett et al. 1983 (Granett et al. , 1985 Granett and Timper 1987; De Benedictis et al. 1996) . These laboratory studies provided information on the intrinsic survivorship, developmental rate, and fecundity. Field studies were then carried out to determine whether grape phylloxera populations in vineyards reßect the demographic predictions from the laboratory experiments. Seasonal surveys showed that population growth in the Þeld on vine-attached roots is not as high as suggested by the petri dish demography and in addition populations declined in midsummer (Omer et al. 1997) . These results were unexpected because we knew of no effective natural enemies for grape phylloxera populations on roots. We used manipulative experiments with vine-attached roots and excised roots from the same vines to compare grape phylloxera population growth over the summer. Results suggested that excised roots were capable of supporting up to eight-fold greater population sizes than attached roots (Granett et al. 2001a) . Because these experiments measured population size only once, we were not able to determine which of the demographic factors were important for grape phylloxera population growth.
With regard to the resistant rootstocks, excised-root tests showed (De Benedictis et al. 1996 ) that for some cultivars survival is limiting, while for others developmental rate and fecundity are. Life tables with attached roots have not been conducted.
The purpose of the current study was to construct grape phylloxera life tables with attached roots at various times during the summer. Most of the work was done with the V. vinifera cultivar Chardonnay, a phylloxera susceptible rooted vine. Two resistant rootstocks were used for contrast. This information is important for determining the intrinsic factors that constrain grape phylloxera populations in the Þeld, optimizing host plant resistance for this crop, and developing models for grape phylloxera population growth and associated grapevine damage.
Materials and Methods
Field Study. Field trials coinciding with three distinct plant growth stages were conducted over the growing season using own-rooted Vitis vinifera L. ÔChardonnayÕ grapevines from a Department of Viticulture and Enology, University of California, Davis vineyard. Grape phylloxera used in these trials were from a laboratory colony of the standard California biotype A (De Benedictis and Granett 1992). The Þrst trial was set up during the vegetative stage (MayÐ June), the second during the mid-ripening stage (JulyÐAugust), and the third during the postharvest period (SeptemberÐOctober). Ten different randomly selected vine replicates were used in each trial. Vines were dug at the trunk base to a depth of Ϸ0.3 m until sufÞcient roots were exposed. Lengths of mature, 4-to 7-mm-diameter roots were washed free of soil with distilled water. For each test root, a 9-cm-diameter plastic petri dish with two grooves opposite each other in the dish wall was placed under the root, with the intact root extending through the grooves. A strip of damp Þlter paper on which 2-d-old eggs adhered was placed around the prewashed root. Preliminary work showed that this method of infestation allows almost complete egg hatch. The petri dish lid was then placed over the dish bottom to enclose the root and the eggs. To prevent escape of the grape phylloxera or invasion by predators the petri dish was sealed with ParaÞlm (American National Can, Greenwich, CT) while still attached to the vine. Two attached roots were infested with 20 eggs each per dish per vine. From each test vine, additional 5-cm root lengths (4 Ð7 mm diameter) were excised, washed free of soil, wrapped at one end in moist cotton wool, and infested with 2-d-old eggs in a manner similar to the attached root. Infested excised roots were placed inside an ungrooved petri dish, two root pieces per dish, then sealed with ParaÞlm and placed adjacent to the dishes with the attached roots inside the hole that was dug underneath each vine trunk. Two excised roots were infested with 10 eggs each per dish per vine. Petri dishes and exposed roots were covered with slightly moist cloth towels and the hole was covered with 1 by 1-m wooden boards.
Grape phylloxera populations were monitored 13 d after infestation, and then every 3Ð7 d for 45 d when the assays were terminated. Day 13 was chosen as a starting assay date because preliminary Þeld tests suggested that a 13-d duration is sufÞcient for grape phylloxera establishment on V. vinifera roots. On each sampling day for each vine, the wooden board was removed and soil temperature was measured using a thermister probe (Spectrum Technologies, PlainÞeld, IL). Petri dishes attached to vines were then carefully opened, and cohort-speciÞc survival, development, and fecundity were determined for each vine. Survival was determined as the percentage of the original insects that were still alive on each root. Instar survival was determined by calculating the total percentage that reached each developmental stage or instar independent of time as a proportion of those surviving to the previous instar. Population development was quantiÞed using the population age structure index (PASI) described by Omer et al. (1999) . Index values of 1, 2, 3, 4, and 5 were assigned for Þrst, second, third, fourth instars, and adults, respectively. The PASI is the sum of index values for each insect on a root divided by the number of insects present. As examples, an index value of PASI ϭ 1 would be recorded when all grape phylloxera were in the Þrst instar; PASI ϭ 3 results when grape phylloxera on average are in the third instar; and so on. Nymphal instars were estimated by size and adults were identiÞed by presence of eggs (Davidson and Nougaret 1921) . Fecundity was determined as number of eggs per adult per day. After each count, the petri dishes were reassembled and the boards replaced. Data from the three trials were analyzed using a two-factor repeated-measures analysis of variance (ANOVA) with trial and vine as the main effects and percent survival, developmental rate, and fecundity as the dependent response variables. The repeated measures were the censuses on days 13, 18, 25, 30, 33, 36, 42 , and 45 for percent survival and developmental rate, and days 30, 33, 36, 42, and 45 for fecundity. Gross reproductive rate (GRR), net reproductive rate (R o ), generation time (T), intrinsic rate of increase (r), and the stable age distribution (SAD) were calculated using the standard formulae described in Carey (1993) . The GRR represents the average number of eggs produced by an adult female over its entire lifetime whereas R o represents the average number of eggs a newborn is expected to produce in its entire lifetime. Generation time (T) represents the average age to median egg, r represents the total number of eggs produced/starting number of eggs, and SAD represents the proportion of each stage in the phylloxera population.
In our previous detached-root assays, we found that grapevine growth stages before detachment from the vine did not affect grape phylloxera populations (Granett et al. 2001a ). Therefore, we used detached roots as a control for temperature changes over the season. For detached roots, grape phylloxera demographic performance was assessed by determining percent of insects that became adults and fecundity. Only a single measurement of each of these two demographic variables was made, and that was on day 45. For each root, percent adults was determined as the percentage of the original insects that became adults, and fecundity (eggs per female per day) was determined by dividing the total number of eggs counted on day 45 by the number of females present, then dividing by Þve which is representative of the number of oviposition days. An oviposition duration of 5 d was chosen because grape phylloxera eggs hatch within 6 Ð7 d. Data were analyzed with a one-factor multivariate analysis of variance (MANOVA with trial as the main effect and percent adults and fecundity as the response variables. We employed MANOVA because these two variables are not necessarily independent.
Chemical Analysis of Root Nutrients. To determine how Þeld life tables of grape phylloxera relate to grapevine growth stage, root nutrient reserves in infested and uninfested attached roots were analyzed. Because previous assays with excised grape roots suggested that grape phylloxera manipulate levels of sucrose (Ryan et al. 2000) , this compound was used as an index of root nutrients. For each of the above trials, four attached roots per vine were set up speciÞcally for chemical analyses, two with infestations, and two without. These roots were exposed, cleaned of soil, infested, and isolated in petri dishes as described above. On day 45, attached roots were collected, grape phylloxera were removed, and the phloem parenchyma tissues were excised from the roots using a sterile razor blade. Phloem parenchyma tissues from infested or uninfested roots for each vine replicate were collected in sterile Eppendorf tubes, oven dried, ground to powder, weighed, and analyzed for sucrose content using high-performance liquid chromatography (HPLC) at the Division of Agriculture and Natural Resources Analytical Laboratory, University of California, Davis. Data were analyzed using a twofactor ANOVA with trial and grape phylloxera infestation as the main effects and sucrose levels as the dependent response variable.
Greenhouse Study. To determine grape phylloxera life tables on whole grapevines using a virulent strain of grape phylloxera and resistant rootstocks, a parallel experiment was conducted in a greenhouse environ- GG, Greenhouse Geisser correction for sphericity is presented for within-subjects effects. Means within a row followed by same letters are not signiÞcantly different at ␣ ϭ 0.05. GRR, gross reproductive rate; R o , net reproductive rate; T, mean generation time; r, intrinsic rate of increase. ment using potted grapevines of the V. berlandieri Planch. ϫ V. riparia Michx. rootstocks 5C and SO4. Because these two rootstocks are resistant to biotype A grape phylloxera (De Benedictis et al. 1996) , we used a virulent grape phylloxera strain that was originally collected from a V. riparia ϫ V. rupestris Scheele rootstock, 3309C, that is also resistant to biotype A grape phylloxera. For purposes of this study, we named this grape phylloxera type as strain C. Under greenhouse conditions, observing seasonal growth of the vines is not useful because of the artiÞciality of the situation; however, the young plants used were optimally vegetative and producing new roots. From each rootstock, 30 vine replicates were used. From each vine replicate, one attached root (2Ð3 mm diameter) and one detached root (2Ð3 mm diameter) were infested with 5-d-old eggs. Each root was contained inside 5-cm-diameter plastic petri dish and infested with 10 eggs using the method described in Omer et al. (1999) . Petri dishes enclosing infested attached and detached roots were buried while repotting the vines.
Infested vines were maintained inside a greenhouse without insecticide application. Grape phylloxera survival and developmental rates on each rootstock were determined on days 7, 15, and 23 from the start of the experiment. On each sampling date, 10 randomly selected vines from each rootstock were inspected, and grape phylloxera numbers and developmental stages on attached and detached roots were determined. Survival was determined as the percentages of the original insects placed on each root that were alive at days 7, 15, and 23. Developmental stages were determined at days 7, 15, and 23 using the population age structure as described for the Þeld assays. A three-way ANOVA was used to test for effects of sampling date, root attachment condition, and rootstock on grape phylloxera survival and developmental rate. Tests for interaction effects among these independent variables were included in the ANOVA model. Means were separated using least signiÞcant difference (LSD) at ␣ ϭ 0.05. Survival and developmental rate on attached and detached roots within each sampling date were compared using paired t-tests at ␣ ϭ 0.05. Numbers of adults and eggs counted on day 23 were presented as mean Ϯ 1 SD. 
Results and Discussion
Field Study. Demographic performance of grape phylloxera on attached roots was better during the postharvest period than the vegetative or mid-ripening periods (Tables 1 and 2 ). This was reßected in all data collected for survival, developmental rate, and fecundity. Reproduction (GRR and R 0 ) showed a similar pattern. The generation time (T) was 2 d shorter and intrinsic rate of increase (r) was four-fold greater for postharvest than for the other periods. Analysis of the stable age distribution (SAD) indicated that phylloxera populations were mostly eggs and Þrst instars for the three periods of grapevine growth. The proportion of second instars was two-fold less and the proportion of fourth instars was two-fold greater for the postharvest period compared with other grapevine growth periods. The proportion of adults for the postharvest was three-fold and two-fold greater than for vegetative and mid-ripening periods, respectively.
Measurements of age-speciÞc survival across the three experimental periods indicated that survival was higher through day 37 for the postharvest period than for the other experimental periods (Fig. 1) . The midripening period experiment showed intermediate values through day 25. Preadult survival was higher for the postharvest experiment compared with other periods (Fig. 2) . For each of the three experimental periods, Ͻ30% survived to the Þrst measurement on day 13 (Fig. 2) . Survival after the second instar did not decrease with development but was stable, generally above 90% for the postharvest period and below 75% for the other experimental periods. During the Þrst and second instars, grape phylloxera establish their feeding sites where they tend to remain immobile for the rest of their lives. Because grape phylloxera mortality was highest during the Þrst and second instars, the establishment of feeding sites appears to be limiting for grape phylloxera. Our data suggest that plant growth stages inßuences the success of grape phylloxera in establishing feeding sites.
Temperature measured during the course of this study (Fig. 3) showed that the 18ЊC minimum threshold for gall formation and insect development (Granett and Timper 1987) was exceeded throughout except for the Þrst measurement of the vegetative period. Grape phylloxera performance on excised roots did not differ over the three experimental periods (WilkÕs ϭ 0.83; F ϭ 1.26; df ϭ 4, 52; P ϭ 0.2956). The percentages of insects that became adults (mean Ϯ 1 SD) were 36 Ϯ 12, 43 Ϯ 12, 38 Ϯ 18 during the vegetative, mid-ripening, and postharvest periods, respectively. Fecundities (mean Ϯ 1 SD) were 3.7 Ϯ 0.5, 4.2 Ϯ 0.8, and 4.4 Ϯ 1.1 during the vegetative, mid-ripening, and postharvest periods, respectively. These results indicate that the differences seen over the three experimental periods for attached roots were not due to temperature changes over the season. Because grape phylloxera assays were set up in petri dish arenas without soil, the observed differences in grape phylloxera demography must be due to the physiology of the vines on which the assay arenas were set.
Grape phylloxera infestations on excised roots can increase nutrient availability in the tissues on which the insect is feeding (Ryan et al. 2000) . This phenomenon was seen in the sucrose measurements of attached roots (Fig. 4) . The effect was more pronounced in the postharvest period than the vegetative or mid-ripening periods. When grape phylloxera establish a feeding site, the root frequently swells to form gall-like tissue. The observed increase in nutrients at the feeding site suggests that the purpose of gall formation is to mobilize nutrients. Our results suggest that nutrient mobilization by grape phylloxera is better accomplished during the postharvest period than in the other periods. The more rapid development and better survival subsequent to the gall formation observed for the postharvest period is associated with more mobilized nutrients. This Þnding links the postharvest proclivity for producing more galls with the better gall quality relative to available nutrients (Fig.   Fig. 5 . Developmental rates of grape phylloxera on V. vinifera Chardonnay during the vegetative, mid-ripening, and postharvest periods on attached roots. Bars are standard errors. (Figs. 1 and 2 ), more rapid development (Fig. 5) , and earlier egg deposition (Fig.  6) . The poorer overall development in the vegetative period and to a lesser extent during the mid-ripening period appears to have occurred because development was delayed during the Þrst 2Ð 4 wk of the experiment. Once development began, it progressed at a rate comparable to the postharvest period.
An alternative hypothesis that postharvest rootdeposition of photosynthates could account for the greater phylloxera performance at that time is not supported by the observed sucrose measurements (Fig. 4) or by previous manipulative experiments (Granett et al. 2001a) . Kimberling et al. (1990) suggested that cane vigor is important for development and growth of gallicoles (foliar-feeding forms of grape phylloxera) on V. arizonica Engelmann. With radicicoles (root forms of grape phylloxera), a similar dependence on vigor may hold. Under California conditions, V. vinifera vines produce a ßush of root growth in early spring and again after harvest. Early and late season peaks in grape phylloxera population size on vineyard vines were shown by Omer et al. (1997) and Granett et al. (2001a) . In the current experiments, a peak in phylloxera population growth was present for postharvest but not for the vegetative period possibly because we missed the spring root ßush. Effects of plant physiology on insect demography have also been shown in other studies with gall-forming insects (De Bruyn 1995 , Fay et al. 1996 , Larson and Witham 1997 .
Greenhouse Assays. Because we chose not to release virulent strains of grape phylloxera into vineyards, we tested the resistant rootstocks 5C and SO4 in the greenhouse. Survival and developmental rates for grape phylloxera were affected by sampling date and root attachment condition (Tables 3 and 4 ). For both these resistant rootstocks, detachment increased grape phylloxera survival by Ϸ60% across sampling dates. This difference was substantially less than the observed eight-fold difference in grape phylloxera survival on V. vinifera vines during the vegetative and mid-ripening periods and the two-fold difference for the postharvest period. This lesser difference between the attached-and detached-root survival of grape phylloxera on resistant rootstocks suggests that the mechanisms by which non-V. vinifera rootstocks are resistant are not disrupted by detachment and therefore are probably different from the mechanism by which plant development affects survival for susceptible V. vinifera. This interpretation may be confounded by the experimental differences: greenhouse versus Þeld vines and different grape phylloxera strains.
Development for grape phylloxera was signiÞcantly delayed on attached roots compared with detached roots only during the third measurement (day 23). A signiÞcant interaction effect of sampling date by root attachment condition on grape phylloxera development implicates a plant-mediated mechanism that alters grape phylloxera development. Gall formation occurs during Þrst and second instars of grape phylloxera (Granett et al. 2001b ). The results presented in this study suggest that gall formation was not completed by day 15 when the insects were still mainly in the second instar. The lack of developmental effect Mean Ϯ SD followed by same letters are not signiÞcantly different using LSD at ␣ ϭ 0.05. Ñ, P value could not be determined because of lack of variance within data. P values were determined using paired t-tests at ␣ ϭ 0.05. seen by day 15 between the attached and detached conditions suggests that the decreased survival seen after day 15 was still related to gall formation. Attached root assays with resistant root types 5C and SO4, provided the Þrst demographic work on whole vines that corroborates what has been shown with in vitro root bioassays (Granett et al. 1983 , De Benedictis et al. 1996 . Our results indicating that the cause of resistance may be the lack of grape phylloxera ability to form galls on 5C and SO4 roots have been reported previously (Boubals 1966) .
Field quantiÞcation of demographic responses of grape phylloxera to plant development, as done in this study, provides insight into the interactions between grape phylloxera population parameters and Vitis rootstocks. Grape phylloxera survival appears to be the trait most strongly affected by seasonal variation in plant physiology. Our study did not examine the underlying mechanism affecting this trait, but suggests that the role of gall formation is critical. Because gall formation governs nutrient availability, the ability of grape phylloxera to establish and damage grape rootstocks appears to be limited by this process.
